Polymers are often embedded with specific nanofillers such that the functional characteristics and properties of the resulting polymeric nanocomposite (PNC) are enhanced. The degree to which these enhancements can be achieved depends not only on the level of particle loading of nanofillers, but most importantly on the resulting dispersion profile achieved within the matrix. Agglomeration (often referred to as clustering) is a result of the mixing process and very much depends on the chemistry between the polymer and nanofiller. Depending on the PNC type, different mixing processes can be applied but the general consensus is that such processes are not repeatable themselves. Not only it is quite difficult to achieve the desired level of dispersion, but in addition there is a limited number of characterization tools that can be employed to routinely check the homogeneity achieved within a produced sample. Transmission electron microscopy (TEM) and X-ray diffraction (XRD) techniques are usually employed, but they are very time consuming, expensive, require special sample preparation and treatment, often produce results that are difficult to interpret and can only analyse very small areas of sample. This work reports on the adaptation and development and three optical techniques that are non-destructive, can accurately characterize the dispersion achieved as a result of the mixing process and can analyse larger material areas. The techniques reported are based on static and dynamic visible and infra-red light scattering.
INTRODUCTION
The physical and mechanical, amongst other, properties of polymeric nanocomposites (PNCs), can be significantly enhanced by the inclusion of nanoparticles in small concentrations. Though such specific property enhancements can scale up according to the level of particle concentration present (wt. %), an effect that can significantly reduce, or even forbid, such realization relates to particle agglomeration, also frequently referred to as dispersion. This quality relates to the level of homogeneity achieved within the polymeric matrix as part of the mixing process. Higher levels of dispersion clearly enable the specific material properties to be realised to the required degree, whereas poor dispersion levels result into localized clustering thus prohibiting such a functional performance and enhancement.
At present, dispersion is only referred to as a qualitative property rather than a quantitative one. As such, the meaning of "good", "moderate" or "poor", though being the current industrial and academic terminology, can be quite subjective. A considerate amount of research has been applied into different mixing processes to reduce the presence of agglomeration; however, for the vast majority of cases, this process is not quite repeatable at all.
The resulting PNC matrix can be assessed with a number of different techniques, all with their own merits and weaknesses. A most comprehensive review of the applied techniques 1 , includes scanning electron or probe microscopy (SEM and SPM respectively), atomic force microscopy (AFM), nanoindentation, infrared spectroscopy (IRS), dielectrics, electrical impedance tomography (EIT), Raman spectroscopy, ultrasonic resonance spectroscopy, scanning acoustic microscopy (SAM), laser ultrasound, spectro-photometry, all with very limited levels of success. Rheology can be applied with a certain degree of success to provide exfoliation and dispersion information but it is only applicable to polymeric melts 2, 3 . X-ray diffraction (XRD) is a powerful technique that can be applied to the study of polymeric materials [4] [5] [6] providing information on the degree of exfoliation and intercalation of particulates within the sample. However, the interpretation can be difficult due to peak broadening resulting from the superposition of multiple peaks 4 . Transmission electron microscopy is also a powerful technique that can provide high quality visual representation of the polymeric matrix with an atomic resolution (0.1 nm) 7, 8 but special preparation of the samples is required (trimming) in order to enable the transition of the electron beam through the sample under investigation.
When combined, TEM and XRD can provide more accurate metrics and characterisation of PNCs than used on their own capacity 9 . However, the major drawback associated with these techniques is the long measurement and analysis times, in addition to the very small areas that can be studied at any one time (nm to μm region). A common assumption lies on the fact that the characteristics and dispersion profile of the measurement area are applicable to the entire volume of the PNC, which can be in then mm to tens of cm region. The required equipment for such analysis is not suitable for installation for in-situ characterization; the common consensus has revealed that alternative techniques that can analyse larger sample areas in a fast and efficient manner, would facilitate the research currently been undertaken into the mixing processes required to achieve high levels of dispersion.
The experimental work presented, concentrates on three optical techniques that can provide dispersion information of large areas of such polymeric materials. Fourier domain optical coherence tomography in the infra-red, wavefront correlation and oscillatory photon correlation spectroscopy in the visible parts of the spectrum can be applied to PNC to reveal the level of homogeneity achieved after the mixing process. Most importantly, the techniques are applicable to transparent and semi-transparent solids, are non-destructive and non-evasive and can also discriminate between different levels of particle concentration.
MATERIALS INVESTIGATED
Material 1: Organoclay Nanomer® 1.30E, an octadeylamine modified montmorillonite, reinforced Huntsman LY 564 epoxy resin with Ardur 2954 hardener with varying particle loading and dispersion profiles. The materials, listed in Table 1 , were supplied by BAe Systems (Operations) Ltd in the form of 3 mm thick autoclave cured plaques with varying degrees of particle loading and dispersion. The autoclave cure cycle consisted of an initial temperature ramp to 80 °C at 4 °C/min, dwell of 1 hour at 80 °C followed by cooling to room temperature (15-18 hrs). Pressure was ramped to ~80 psi at 14 psi/min at the start of the cure cycle. The plaques were post-cured at 140 °C for 8 hrs. Average planar dimensions of the nanoclay particles (platelets) were 0.74 ± 0.34 mm and 0.51 ± 0.22 mm, respectively. Intragallery (d 001 ) spacing is 1.8-2.2 nm (Nanocor technical datasheet for Nanomer® 1.30 E).
Material 2: matrix material was Araldite DBF with HY951 hardener, while the scatterer material was Silica monodisoperse microspheres from Whitehouse scientific, part no MSSL001, with a size distribution, mean diameter 1.6um+-0.3, all between 1 and 2um and mix ration of 10:1. The particles were weighted out using a microbalance and the DBF resin was added (similarly weighed out). The material was then thoroughly mixed using a dual-centrifugal mixer SpeedMixer DAC150 PVZ/K, with typical spin cycles of 3500rpm for several minutes at a time. To help break clumps the material was refrigerated before mixing and care was taken to allow the mixture to not warm up too much. Once no clumps were visible the hardener was weighed out and then mixed in with the centrifugal mixer as before, but only for one mix cycle. The mixed material was poured into small sample pots (approx. 12g) and then degassed for 3 minutes at a pressure below 50mbar (not sure exact value, pumping continuously). Very few small bubbles were visible during the degassing. Once degassed the pots were transferred to an oven for curing at around 60degC and left for 48hours to ensure they were fully cured.
OPTICAL COHERENCE TOMOGRAPHY
Optical coherence tomography is a non-evasive technique based on low coherence interferometry applied mostly in medical applications in order to acquire depth visual representation. The measurement beam penetrates the specimen under investigation, while the variation in refractive index gives rise to an increase in backscattered photons 10 . These photon sequences are subsequently analysed such that visual information from adjacent layers within the sample (e.g. human tissue or eye) is acquired. There are different processing techniques in OCT 11 applied to obtain depth-resolved information, but they can be broadly divided into time or Fourier domain techniques. Fourier based techniques have certain advantages over time domain techniques 12 and in particular, swept mode Fourier analysis increases the measurements sensitivity and accuracy 13 .
For this experimental study, Fourier domain optical coherence tomography (FD-OCT) was used with a commercially available interferometer system, more specifically Michelson Diagnostics EX1301 OCT microscope. This system operates at a frequency swept mode with a centre wavelength of 1305 nm and a bandwidth of 150 nm. The system consists of four laser beams that are focused at different depths (inside the materials under investigation) over a depth of focus of 0.25 mm each, thus providing a total focal range of 1 mm. In this case, the main optical principle lies in the variation in refractive index within the sample that, in turn, gives rise to an increase in direct backscattering of incoming photons 15 . The depth resolved structural data I(t) are obtained directly by inverse Fourier transforming the detected frequency spectrum given by 14 :
where s(ω) is the source field amplitude spectrum, r(ω,z) is the backscattering coefficient resulting from the structural features of the sample, and FT -1 is the inverse Fourier transform operator.
FD-OCT measurement and analysis has also been applied to the depth characterization of PNCs
16
. The measurement beam of the OCT microscope penetrates the sample at a specific point and this intensity variation is called an A-scan; the microscope then continues the scanning along a straight line and the resulting combined A-scan series is called the Bscan. The probing beam then raster scans an area of the sample thus producing a two-dimensional B-scan representation of the sample with a spatial resolution of 4 µm. By using special image processing software (ImageJ) it is possible to reorder the B-scans in order to produce an en-face (depth) representation of the sample as a sequence of images called Cscans. Every individual C-scan represents a 2-D depth area that reveals the internal structure of the material at that particular depth.
It is worth noting that the resulting signal-to-noise ratio of the measurements decreases as the penetration depth increases; however, for the materials investigated in this work the probing depth was up to 2 mm. An additional issue that may cause erroneous data or possible saturation of the optical photodetector arises from reflections near the surface of the sample. To avoid this, a thin layer of refractive index matching liquid (aliphatic and alicyclic hydrocarbons, hydrogenated terphenyl, refractive index value of 1.570 ±0.0002) was applied on the surface of the sample. In addition, the first few depth layers were not used for the analysis of the samples. Figure 1 shows two representative C-scans (depth is approximately 100 µm) from a PNC with clay platelets 4% loading and poor dispersion (a) and silica beads 1% loading and good dispersion (b).
The images from the FD-OCT measurements provide a direct visual representation of the samples under investigation, with a typical measurement area being approximately 4 mm 2 . However, it would be favorable to actually provide numerical values associated to the level of dispersion. For this reason, it was necessary to apply image processing tools for the analysis.
The process started by choosing a layer that is not close to the surface of the sample, but is, upon inspection, representative of the PNC. The image was then split into its horizontal, vertical and diagonal wavelets of the same order; this was done in order to enhance the spatial information of the selected C-scan. Each wavelet image was subsequently divided into a square 16 x 16 segment array (256 segments in total). For each segment, the average intensity was first calculated, followed by the standard deviation of each segment pixel against the average intensity. This standard deviation value was then assigned to that particular segment. This process was performed for all 256 segments and then the average of all 256 standard deviations was computed. This value was then assigned to that particular C-scan representing the material for the specific wavelet analysed. This process was performed for all three wavelet images and the three standard deviations were averaged into one value that was then assigned to the specific material under characterization.
In order to provide comparative data, density measurements were performed for all materials studied. Table 1 shows the results from the density and OCT image analsysis of the epoxy resin PNC embedded with silica beads. For the case of the silica PNCs, the density measurements show a distinction with increasing loading and this is also the case for the FD-OCT measurements. It can also be seen that the standard deviation increases as the particle loading increases and this is due to higher concentration thus producing higher optical scatter; in addition, the tolerances provided reduce as the level of loading increases. It is quite interesting to notice the absolute trend between the density and OCT data are very similar indeed. The close agreement between the two methods could therefore be attributed to the good level of dispersion achieved for these specific PNCs. The clear distinction between different levels of loading is also facilitated by the fact that the silica beads themselves are very well defined in terms of physical characteristics and dimensions as shown in figure 2(a). However, the situation changes for the PNCs embedded with clay platelets. Such nanofillers are shown in figure 2(b) ; it is evident that their physical characteristics are quite different and their most dominant feature is the high aspect ratio (length over width). This can have a quite important effect on the optical backscatter during the OCT measurements. Table 2 shows the results from the PNC samples embedded with clay platelets. Starting with the density measurements, there seems to be a very small difference within the 1.0% loading regime; the density should increase not only as the content does, but also as the dispersion improves but it is not possible to discriminate between levels of dispersions at low particle levels. At higher concentrations (4%), density measurements can reveal a small discrimination between levels of homogeneity but the difference appears to be at the third decimal place.
The OCT measurements show a clearer picture on the other hand. For the low particle loading case, there seems to be a distinctive difference between the dispersion profiles in terms of the calculated standard deviation. Also, the stated tolerance decreases as the dispersion improves and this due to the fact the optical scatter becomes more uniform. For the 4% loading, the difference between poor and good dispersion is even more profound in terms of value deviation; similar to before, the tolerance reduces as the homogeneity increases but a lower rate compared to the 1%; this is due to the high particle content. Table 2 : Density measurements compared to FD-OCT measurements (average standard deviation) for the PNC samples with clay platelets
FRAUNHOFER WAVEFRONT CORRELATION
Pattern recognition has been an extensively researched area over the course of decades; its origin has been attributed to the original work of Vander Lugt 17 and Weaver and Goodman 18 producing two separate classes of optical (and subsequently hybrid digital/optical) configurations, termed as 4f and joint-transform correlators respectively.
In this case, the primary aim of the research has always been the accurate recognition and tracking and even reconstruction of two and three-dimensional (2D and 3D respectively) objects and targets. This is achieved by comparing an image containing the object to be identified (reference) with an image containing an unknown target (input) via the convolution operation based in the spatial frequency domain, an operation commonly referred to as the correlation theorem (derived from its convolution counter-part). A wide variety of such generic or custom-designed filters have been mathematically formulated, simulated and experimentally verified each capable of achieving specific levels of invariance relating to rotation [19] [20] [21] , scale 22, 23 , and non-Gaussian (additive, multiplicative and disjoint) noise 24 , with fully complex and phase-quantised spectral information 25 . In the case of PNCs, spatial filtering techniques can also provide very useful tools for the analysis and subsequent characterisation of various dispersion profiles 15 .
A propagating 2-D optical wavefront can be defined, in Cartesian spatial terms, as a function f(x,y), where its value at a specific point is defined as the intensity of the wavefront. If this pattern is transmitted through a neat resin polymer, it can be regarded as the reference function. However, if the very same wavefront propagates through a PNC, it will become spatially modulated (in other words, diffused) depending on the combination of its particle loading content and dispersion characteristics; this function can be regarded as the input function g(x,y). It comes natural that different PNCs will exhibit different input functions and if they are correlated against the reference, dispersion properties may be attempted to be analysed.
The setup for this analysis, consisted of a He:Ne laser source, with a wavelength of 633 nm and an optical power of 1 mW. The beam was directed via mirrors onto a diffraction grating that generated a propagated 2-D pattern of dots. Using a subsequent aperture, a section of the wavefront was allowed to transmit through the material under investigation that was placed at an angle of 90° relative to the axis of light propagation. A CCD camera placed at an angle relative to the axis of optical propagation (to avoid capturing the zero order from the diffraction grating) captured the emerging patterns from the samples. Figure 3 shows the experimental setup of the wavefront correlation system.
Figure 3: The optical system for the wavefront correlation characterization technique
The optical wavefront propagates through the sample itself and the resulting diffused wavefront is captured by the CCD camera. Specific properties of the nanofillers play a significant contribution to the overall optical diffusion mechanism, in addition to the coherence of the emerging wavefront; average particle size, refractive index, particle loading, dispersion level, in addition to thickness of the sample. These effects can be seen in figure 4 , showing spatially modulated patterns resulting from neat resin and embedded with two different types of nanofillers. The emerging pattern from the diffraction grating itself expanded as it propagated through space, but its dimension, when incident on the samples under investigation, was 20 mm in diameter. The resolution of the camera was 980 x 1000 pixels, meaning that the spatial resolution of each pixel was 18 x 18 µm 2 .
In terms of signal processing, two of the main advantages that the correlation theorem offers, is computational efficiency and the opportunity to manipulate the spectra of the reference and input function prior to the required complex multiplication and transformation to the correlation plane via the inverse Fourier transform operation. For a given set of 2-D functions (reference and input), their Fourier transforms (spectra) are first calculated. In this case, lower spatial frequencies are located at the centre of the Fourier plane, while higher spatial frequencies extend outwards. It is then possible to apply a window to block certain frequencies and to allow all the remaining to be used for the subsequent stages of the analysis (complex multiplication and inverse Fourier transform). For the analysis of the PNCs, the iteration algorithm applies an iterative low spatial filter; that is for each step, the algorithm blocks the higher spatial frequencies in steps; 0% (no filtering) to 90% (wide low pass filtering) in steps of 10. For each step, the signal-to-noise (SNR) ratio of the resulting correlation plane is calculated. In this case, the SNR is defined as the energy ratio of the central region (signal) of the correlation plane, divided by the remaining plane (noise). Therefore, for each set of 2-D functions, a total of 10 SNR values were obtained, that were subsequently averaged to produce a characterization value for the particular input function (specific PNC) analysed.
In order to have a reference value that can be used for normalization purposes, the above iteration process was also repeated on the auto-correlation function (reference, i.e. optical wavefront from neat epoxy). It was then possible to normalize the SNR values from all the investigated samples against that of the neat epoxy resin. Figure 5 shows the cross-correlation curves produced by the two different classes of materials (clay and silica).
For the clay enhanced PNCs, there seems to be a very clear distinction between levels of loading and dispersion profiles. As expected, the samples closest to the auto-correlation value correspond to those with lower particle content (loading); as the dispersion profile becomes more inhomogeneous, the SNR decreases. As the level of loading increases, the resulting SNR decreases accordingly. According to these results, it seems that there is little difference between moderate and poor dispersion levels, even though poor exhibits the lowest SNR in the case of 1% loading. The silica bead enhanced PNCs, exhibit a fairly similar trend -decreasing SNR with increasing content. Again, it is easy to discriminate between different loading levels. From a relative perspective between the clay and silica samples, the SNR values are different, but this is due to the physical characteristics of the nanofiller themselves -geometrical morphology and refractive index being the most dominant parameters. 
OSCILLATORY PHOTON CORRELATION SPECTROSCOPY
Photon correlation spectroscopy (PCS) is a powerful light scattering technique that has been investigated in great detail over the course of the last few decades. It was initially used primarily to study specific properties of living cells 26, 27 and other biological systems 28 . The work was then subsequently expanded into the use of more coherent light sources thus enabling the formulation and use of the photocurrent autocorrelation function for scattered light intensity 29 to enable the more accurate analysis of specific properties of small scattering volumes.
Subsequent work concentrated on the determination of the size of particles undergoing Brownian motion [30] [31] [32] present in liquids. Temporal resolution has also been improved by Fourier-based photon correlation 33 and more recently there has been a return to the use of incoherent light as the main source for PCS experiments 34 . PCS analysis relies on the Brownian motion of suspended particles in a solution form (liquid). In this case, the Siegert relationship 35 yields the required autocorrelation function (ACF) that enables the determination of specific measurands of the solution under investigation.
The experimental setup of photon spectroscopy and the subsequent analysis can also be modified to accommodate the study of solid materials 15, 36 . The main idea in this case, is to cross two coherent laser beams at a specific point in space, such that they form an ellipsoid volume with interference fringes. Though the materials under investigation were solid, they can be regarded as static media; however, by oscillating them through the formed interference volume, the process becomes dynamic; the interaction of the nanofillers within the PNC matrix with the optical fringes produces scattered photons that can be collected, analysed and through the analysis of the ACF, specific properties of the materials under investigation can be revealed. Figure 6 shows the experimental schematic for the oscillatory PCS (Os-PCS) measurements. The main laser source was a He:Ne cavity laser, with a wavelength of 633 nm, power of 10 mW and mounted in such a way that the exit light was vertically polarised. The subsequent λ/2 waveplate was used as a power control, in order to adjust the intensity of the laser beams. A non-polarising beam-splitter produced two identical (from a coherence and polarization perspective) beams of equal intensity. Two mirrors were used in order to cross the beams at a point in space; the half angle of intersection was 5°, the fringe spacing was 3.6 µm, the number of fringes was 276, while the dimensions of the ellipsoid were 1 x 11.5 x 1 mm 3 . The materials under investigation were mechanically oscillated (using a suitable piston transducer and function generator) through the ellipsoid volume. The back-scattered radiation was collected using a short focal length lens which coupled the light to a single-mode optical fibre. The output of the fibre was coupled on a single photon counter producing equal intensity pulses, each corresponding to a single photon event. The sequences were analysed by a suitable correlator board and the software controlling it produced the experimental ACFs. Though the ACF is, as mentioned, based on the Siegert formula, its theoretical form resulting from a sinusoidal flow has also been formulated 37 and simplified 38 to the following relationship:
where k is a constant associated with the optical power and detector sensitivity, β is related to the half angle of the intersection of the laser beams and the beam waist, related to the average number of particles per unit length in the fringe volume (particle loading). The combination of different levels of particle loading and dispersion therefore directly affect the dynamic range of the experimentally obtained ACFs.
For this experimental study, the two classes of materials (clay and silica embedded PNCs) were placed at the centre of the ellipsoid region and oscillated using a sinusoidal excitation such that the effective scanning area was approximately 3 mm. The axis of oscillation was perpendicular to the bisector of the angle produced by the two interfering laser beams. For each material, three different locations of each material were analysed and the experimental ACFs were averaged for each case.
In order to facilitate the discrimination capability between different loadings and dispersion profile, the logarithmic trendline of the ACFs were computed and plotted as a function of time lag given by the correlator board. Figure 7 shows the plotted trendlines obtained for all the materials investigated in this study. Starting with the clay enhanced PNCs, the materials exhibiting the highest dynamic responses are those of good dispersion. More interestingly there is a clear step change for loading of 1%, 2% and 4%. The slightest variation in the dispersion profile has a significant effect on the dynamic range; for the 1% particle loading case, poor and moderate levels of dispersion are considerable higher in value compared to the good level of dispersion, while in a comparative sense, they are both numerically close to each other and still discriminable. The lowest dynamic range response was, quite evidently, produced by the 4% poorly dispersed PNC.
For the silica PNCs, the dispersion characteristics were the same for all samples and the difference was only in the level of loading. Again, it may be seen that discrimination is easy between all materials. It is interesting to note that by comparing the two classes of PNCs, the normalized amplitudes appear to be an order of magnitude out with respect to each other (by comparing the 1% clay and 1% silica samples). This is due to the different scattering properties of the nanofillers (size, clustering effects, physical geometry, aspect ratio, refractive index).
CONCLUSIONS
This work presented the application of three different approaches to the characterization of PNC materials. Compared to existing conventional and standard methods (such as TEM and XRD), the reported optical techniques can differentiate between different classes of materials based on their level of loading and dispersion profiles from small to larger scales. Most importantly, they are non-destructive or invasive and can easily be adapted into in-situ systems for rapid characterization of components in industrial situations.
Fourier-domain optical coherence tomography provides a relatively rapid measurement accurate approach. The technique works in the infra-red part of the spectrum and relies of refractive index boundaries inside the material under investigation. The resulting back scattered radiation is analysed and by suitable deconvolution, spatial characteristics of the material for different depths are revealed. This technique provides a visual representation of the inside structure and by segmentation, wavelet decomposition and correlation plane estimation, the homogeneity of the material can be studied.
Fraunhofer wavefront correlation is a transmission optical technique that can analyse much larger sections of materials in reduced time. In this case, an optical wavefront passes through the material and becomes spatially modulated due to the presence of nanofillers. Through Fourier-domain iterative low pass spatial filtering, the correlation plane is computed and the resulting signal-to-noise ratio gives a quantitative metric compared to the auto-correlation function. This technique can also discriminate between loading levels and dispersion profiles.
Finally, oscillatory photon correlation spectroscopy can also yield specific responses of materials depending on their physical structural characteristics. In this case, the material under investigation is mechanically oscillated through an ellipsoid volume full of interference fringes. The optical interaction of the nanofiller with the fringes produce scattered photons that are collected and analysed. The auto-correlation analysis of captured photon sequences can provide a useful characterization tool between different materials.
The control of the dispersion properties in PNCs is one of the most important parameters currently affecting (and halting in many cases) the commercialization of such polymeric structures. The optical techniques reported, offer rapid and accurate characterization platforms that can be applied in academic and industrial environments that may enable researchers to better understand the mixing processes required to achieve repeatable dispersion profiles for a wide range of multiphase systems.
